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ABSTRACT

Improper disposal of petroleum and spills from underground storage tanks have created large areas with highly toxic
contamination of the soil and groundwater. Methyl zert-butyl ether (MTBE) is widely used as a fuel additive because of its
advantageous properties of increasing the octane value and reducing carbon monoxide and hydrocarbon exhausts.
However, MTBE is categorized as a possible human carcinogen. This research investigated the Modified Photo-Fenton
system which is based on the Modified Fenton reaction and UV light irradiation. The Modified Fenton reaction is effective
for MTBE degradation near a neutral pH, using the ferric ion complex composed of a ferric ion and environmentally
friendly organic chelating agents. This research was intended to treat high concentrations of MTBE; thus, 1,000 mg/L
MTBE was chosen. The objectives of this research are to find the optimal reaction conditions and to elucidate the kinetic
and mechanism of MTBE degradation by the Modified Photo-Fenton reaction. Based on the results of experiments, citrate
was chosen among eight chelating agents as the candidate for the Modified Photo-Fenton reaction because it has a
relatively higher final pH and MTBE removal efficiency than the others, and it has a relatively low toxicity and is rapidly
biodegradable. MTBE degradation was found to follow pseudo-first-order kinetics. Under the optimum conditions, [Fe**] :
[Citrate] =1 mM : 4 mM, 3% H,0,, 17.4 kWh/L UV dose, and initial pH 6.0, the 1000 ppm MTBE was degraded by
86.75% within 6 hours and 99.99% within 16 hours. The final pH value was 6.02. The degradation mechanism of MTBE
by the Modified Photo-Fenton Reaction included two diverse pathways and fert-butyl formate (TBF) was identified to be
the major degradation intermediate. Attributed to the high solubility, stability, and reactivity of the ferric-citrate complexes
in the near neutral condition, this Modified Photo-Fenton reaction is a promising treatment process for high concentrations
of MTBE under or near a neutral pH.

Key words : MTBE, Modified Photo-Fenton reaction, Organic chelating agents, Modified Fenton reaction, Tert-butyl
formate (TBF)
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MTBEE SEV1E 27M710 Qushe: 2 dakid:
iSRS Sole s 7}7457— Aol dE] ARgEE ds
H7HAlelet. ey A8t -5 A BAZFE i
ek 93 @e= s MTBEF EY B AglrE
LAAZIA FUTE. MTBES] e} L B 20ug/Lell
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H ATH APHoEE thyr| of#le MTBES
AAZ 9l AOPZ} A8 7Fs3 tiote g A=
Th(Stefan et al., 2000). - OH radicat> 3h}e] EXR=
7HAAL = - 73 AR AdAlA B4 9
A ooz Ak Ak3lE-S zh=tH(Bergendahl and
Thies, 2004). & €27 |2 - OH radical> tjFo]
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H,0,+Fe**— - OH+OH +Fe’" k=76 M'S™
(Burbano et al., 2005)
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+H,0 k=2.7x10" M''S™
(Bergendahl and Thies, 2004)
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Fig. 1. The experimental reactor used for the Modified Photo-
Fenton reaction of MTBE.
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A= 0.008 pgLE R IE 31 ATHCassada et al.,
2000).
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3.1.1. & chelating agents 17

Modified Fenton reaction 172 Fenton ¥+8-2] pH
SHA(H A pH 2.5-3.008 FE3}17] $l5te] Holew
complex 8/d°] 7}t chelating agents AFE-S 7]E-S
Z 3}, Complexations F31] HYskd & o] &
d JYolMz gHo 2 H,0, ¥HlE Fvist & 4 9
o B Afdre F o] F chelating agents®}
complex B4 o] Hojur] FaFe] H,0, EA slellA
= 27 2 &S AlQJslar Fe'of ialiEo] A9 Hissst
g 98R FerE ARE-EISITH Pignatello, 1992). & <
TFoll H3gE chelating agentsE AA3}7] 213 Y
ligand® Th4eH ol d2] AS- H= NTA, EDTAS
H]E3)] Oxalate, Citrate, Acetyl Acetone, Gallic acid,
Malonate, Acetate 52| organic compoundE ARE-5}]
A5kt wi9I7E 691 FeP'ol AFell Al chelating
agents’} H=51A] == Fe'' 1 mMol| ligand 6 mM
S ZAFste] %7] pH 6.0, MTBE 1000 mg/L, H,O,
882 Mm, UV dose 17.4 kWh/LOZ P Aejolr 6
A7 B<F Modified Photo-Fenton reaction2 Z8§3t &
6A17E $2] 2F pH 2 FalE-S 573K TH(Table 1).

Modified Photo-Fenton reaction®] 23}t chelating
agents 2] XL QJsiM= Fe¥'o} A3 Complex’} &
BTG At tigh FulE 4ol A=A FEFoE
ko] ShRE= A i, A2 pH 99 #A
7} o)Fo] A A7t T8 aEjAktelnt.

of!

45

oH] Ao g 43J3F UV/Fenton reactiono|A19] pH
W7} 6.00014 272 543] Hadhe A4S sk
/990l -e] E3142] Fenton reactions EXF k=
AY 545 28l HE pHyF 7FE =2 Oxalate, NTA,
Citrate} A & 2102 3=t 1k NTAS] 7
% Fe**9} complex ¥ Ferric-NTA ion®] 417l djsh
23 54 Ueo] AR 4 §lo™, oxalate HEFF
FA AE 545 Jello] WURTE WEA] AA 2
ot slEE AT 3 sk FEs 1 o =
dol AYaL Wi 2 Afox wmEA i He
Citrate”} 7}¢ A3 Ao 2 AAHUTHQI et al,
1999).

3.1.2. Fe*" ¢} Citrate ion®] H4 ¥l& ¥ ¥& &F

Table 2= MTBE 1000 ppm/initial pH 6.0/H,0, 3%
/UV dose 17.4 kWhe] ZZd|A 36087t a0gt Fe’*
3} Citrate®&ol] W& MTBE 315 Uepd 3olch 1:1
o] A% HE pH7} 3860 A3 24 F /Fg & 4
43S YERHO] Fenton reactionol] T3 Hall 29= 1
d AoF dpdEAoY 7Y B Baled S5 s
Uepdo 2 pH 2.5-32] 314 Fenton reaction®] Z3t
pHE WEAIZIA] 8k A dele ¥h8 &80l a3
Zlo]A] g0l vrsixh.

Fe**: Citrate B]E0] 1: 490 o]E w7px]= g o]
o] A=A Ek AdejellA pH7t S7EEE Ferric
ion®] hydroxide FEje] oz HIEo] H,0, E3l7}
Z dojubA] got AR ¥ H,0,9 FEFo| Bl
MTBE #3l&0] Yt} 184 Fe*': Citrate Bl&°] 1:4
oIl 7S & EAlSk= =] Citrate ligand7k
uvell oJ8)] 31E= 98- 1 (eq 1)

[Fe(IIT)~(Citrate)],+ — Fe(Il) + CO,+R - (eq 1)
(Balzani and Carassiti, 1970)

Table 1. The removal efficiency of MTBE and final pH according to various chelating agents

Oxalate EDTA NTA Citrate Gallic Malonate Acetate AA
Final pH 6.14 331 6.18 6.10 2.37 5.94 4.55 2.70
Removal efficiency(%) 89.3 99.9 99.9 92.4 96.4 72.3 79.7 99.9
Table 2. The removal efficiency of MTBE under various Fe** vs. citrate ion ratios
Ferric-Citrate complex(mM : mM) 1:1 1:2 1:4 1:6 1:8
Final pH 3.86 6.02 6.10 6.20
Removal efficiency(%o) 57.64 86.75 86.35 88.39
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Table 3. The removal efficiency of MTBE under various ferric-citrate complex concentrations

Ferric-Citrate complex(mM : mM) 0.1:0.4 05:2 1:4 2:8 3:12 5:20 7:28 9:36
Final pH 4.01 5.34 6.11 6.20 6.04 6.08 6.02
Removal efficiency(%o) 73.45 75.95 86.75 86.21 88.93 90.21 89.02 89.80

202 AZE= WhE 2 (eq 2)0 938l A==
Fe(Il) + H,0, — Fe(Ill) + OH + * OH k=63M"'S™
(eq 2)
(Walling, 1975)

Fe*'o} axfzog Agsle] Fe*'-Citrate complexS SF
AHoZ FFEE MTBE w3ll&o] FA1E). wepA]
Fe*': Citrate= 1:4 odold #all& % Wks &%, pH
Yol F Aol7t glot AT W] wE AR
e fsle] B A= 145 HA vlEE s
t}. B3k MTBE #3)j9ll Ferric-Citrate complex’} H]X|=
FFS FARE 43 Z¥ MTBEY #31&2 Ferric-
Citrate complex?] =7} 71 & = AXAWF Fe*
FE 1 mM oPdelMe el Eellgo] Ao YA
Sl LR Table 3).

ot 2 ImMOde] Fe'sxollM= eq 1914
2738 2] Fe7F MTBESH - OH Wh3-2] A} o
S slo] WA

k=3x10® M'S™
(eq 3)

OH + Fe(I) > Fe(Ill) + OH

Xiang-Rong Xu et al.(2004)2] A5 ZAol] <Js}H
classic Fenton reactions ©]-83F MTBE E3JAo%= 2
mMETH B2 o] Fe’'7} 37HE 739l eq 39 oI5k
Fe*"9] - OH scavenge /3ol 2]l MTBE #-3&=7}
Hashe e & 4 doh 28Y 1 mMe] MTBES
alsk=d 2 mMe] F7F HA o ARE YEhd
Xiang-Rong Xu et al.(2004)2] A¥¥} BIw3PA 1000
ppm®] IFEE MTBEZ $33t £ AFolA 1 mMe]
F*7t H3 skge e 99folH ol UV ZAlel
oJgte] Fe*'o] Ao W2A o] WEe] Bo=
Zoldh.

Fe’* 5 mM: Citrate 20 mM o}dellAe] HE H0,%
9] Z7} @2 Fenton reactionollX] HHAYS|= perhy-
droxyl radical (HO»)?} superoxide radical anions (O,)
o] Foah= vkl

k=5x10° M's™!
(eq 4)

Fe**+ HOy — Fe*'+ O,+H*

k=83 x10°M'S™
(eq 5)

HO, + HO> — H,0,+ 0,

o 23] WA 2kAe} Bjt=2 283 Citrate®] ZR-3l)
Al AAE COyell 23k Hy0, /o] €Q10E Hofx|H
o= Jeong and Yoon(2004) ©] W33t O, bubbling &
ol 42] Fe* -polycarboxylate complex =34 &1k
H,0, B4 87 fAlgh vhg-o = ddkEn), =3k 34
pH X5 $3F Citrate®] buffering effect Z=3F Fe¥* 1
mM ©)(Citrate 4 mM ©%dplx P o= W30
pH7} 6oVde® FAHER £ 5, MTBE 7%,
pHYFEA 55 13T wl F* 1 mME £ Modified
Photo-Fenton reaction®] 32 Ferric ion 352 A3}

et

e

3.2. Modified Photo-Fenton reaction® O|&
MTBE 23l 22| Oxidation kinetic

Modified Photo-Fenton reaction®] 2|3+ MTBE 3
koA MTBE®S] 7] Ex9} E3ll&E Aleld] #AE
dohll7] 98t 7HA] 2] e Z7|E%e] MTBEES
gpdoz AlFslint. vE =209 J3s FHisksl)
95l MTBE =5 A9dt 245 27] pH 6.0,
H,0, 3%, UV dose 174 kWHWL, Fe*': Citrate =1
mM : 4 mMZ AFsIHT T Aok= Fig 29 2T

7t % ' MTBE 3l S5 Azl we} 7148191
3 e Egs weAlE &7] 9l MTBE 271s=e
500 ppm, 1000 ppm, 1500 ppm, 2000 ppmSZ X173
sto] AP A} Lot = Alele] In graphs &
3l MTBE Héll&%+= MTBE %7] F&5d| tisl] #
Ab 1z BEER1 Ao F et

d% [MTBE] = K [MTBE]"""

T2y MTBERZSHS] fAL 12} BES & 455 -}
7] 9J8k] A7t w2 MTBES ZARF Z3, MTBE
SEVF SRS &5 5 ke Aol vt
™ o]= classic Fenton reaction®]4]¢] MTBE oxidation
kinetics $178+ Burbano et al.(2005)%] 2% Az}l &
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Fig. 2. Effect of the initial MTBE concentration by the Modified
Photo-Fenton reaction.

Table 4. Oxidation Kinetic properties by the Modified Photo-
Fenton Reaction according to various MTBE concentrations

Concentration of

- 3 .
MTBE k(min™")(x107) r Final pH
500 ppm 6.16 0.997 6.34
1000 ppm 432 0.996 6.03
1500 ppm 3.88 0.996 5.83
2000 ppm 3.84 0.993 5.71

XS (Table 4).

MTBE 57} S7FE &5 e 148kl o
o] F7HA Rlez Awo] rhssitt AMAR H
MTBE F=oA APEE B Fo] vh-&iHE(inter-
mediates)®] UVl ot % F4=E5 e O] Ferric-
Citrate complex®} H,0,2] UV 5= 7oA77 W&
o|th(Safarzadeh-Amiri et al, 1997). FHRZ F2 A
AE2Q] TBA, TBF 5 - OH radical®e] whg-Ado] o]
U AJE -OH radicals E3¥ O F scavengingdPH, o
24 MTBE®} MTBE #38l4H0] - OH radical}e] wF
5ol kA o] MTBE &3l &850 SropA|m whgo
Hofshks 38t Fo] &F 2 TH7F S7I8PAA Citratedl]
)3} buffering G/} 7448 =of pHIAY RISk
7d&o] LERITHBuxton et al., 1988).

MTBE 48} kinetic dataS £Z3}7] 18t 6 hr ¥t
oA 7S &&o] Hold HAFxAAN 7] pH 6.0,
Fe’': Citrate=1 mM:4 mM, UV dose 17.4 kWh/LZE
MTBE 1000 ppme #3813t A3 23} 16 he¥ SPME
2 343 MTBE 557} 7 ppb=#] T4 pH Gl
T 3%% MTBEEZ 7|& o3} B57H4] A 7Fs3ho]

uks] Aok
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Fig. 3. The degradation intermediate of MTBE by the Modified
Photo-Fenton reaction.

3.3. Modified Photo-Fenton reaction® 0|28t &L
MTBE 235 H7UZF

Modified Photo-Fenton reaction®] 2|3+ MTBE &3
"S- Al MTBE 23l W7USES Bisti7] ffsto] & &
T= B3l £33 HF 249 %7] pH 6.0, H,0,
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mMZ 1000 ppme] MTBES #35h= 23S X3Pl
31 1 A¥= Fig. 39 2ok

HI7MA ] A7t Aol W= bl 7HES AR
gk MTBE 3l ®l#AUFEo] ¥slA ot Hsing-Lung
Lien and Weixian Zhang(2002)2] A7+ZAx}ol] o]3hH
bifunctional aluminum & F&& ©]83sle] MTBES
B3l & 79 tert-butyl formate(TBF)} fert-butyl alcohol
(TBAYS AAA] acetone®ZE Hal|== F HZ9} methyl
acetate(MA)Z. E3l|=&= F HAZE wjEus ARdo] <Y
Z Qo 372 Z<Q] Fenton reactions ©|-&3f] ATsH
Xu et al. (2004 &J3PH TBF} TBAZ} F= UER}
= A2} MAZE FE AEE AEE U] EellEE
AE & F Jdoy F AS BT HF 8 e
acetone Jo] BH3A ok B A7 A} Modified
Photo-Fenton reactions ©]-83}] F3E MTBE &3
HAYSFS Scheme 1914 YERARO] TBFZ} F8 &3l
2R de Flom tE A7 A o= 29 MAY
TBAS] AJdeo] wj9- 22 Ao= UERdTh

olgfgt A= olEl2 A 33} §AE T =20
2 3= MTBE®] 7274 5% 213 dol 7t kst
HL 7} - OH radicalo] 2k Dol 98+ C-H 29|
UERN= stereoelectronic effectol] ]3] oH|=2 2-8-7]
o thgh o HANAY Bt RS T2 JOoTA H
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CH;0C(CHy);y
"OH/O, MTBE OHIO,

20,CH;0C(CH;); 2CH;0C(CHy),CH, 0y

{ |

(CH3),COCH, =0y~ CHyOC(CHy); CHy0(CHy),CCHy =0, CHyC(CH;,0CH,

HCOOC(CHy); (CHy);COH (CH3),CO CH;COOCH,

TBF TBA Acetone MA

= Dominated reaction

Scheme 1. The degradation Mechanism of MTBE by the
Modified Photo-Fenton Reaction.

22 3709] methyl group®Tt} methoxy groupollAe] wh
30] AlE] wiiel dolue Zo=E s & 4 Sk
4, & =
IFEES] MTBES 34 Q90X a8 oz F3lshr]
8}e] A2 system Sl Modified Photo-Fenton reaction
< i, =% £ A7 43 1000 ppme] MTBE &
3 Al HA ¥kg AL pH 6.0, UV dose 17.4 kWh/
L, H,0, 3%, Fe*":Citrate=1 mM:4 mM ¢ AS=Z
uElglom o] oM 6AIZE Bk F 86.75%, 16A1%F
kS 3 99.99% 7 F% 17 ppb)d] Hale-S Ve
o}, 53+ Modified Photo-Fenton reaction ©]-83F MTBE
H3)] wk8-2] oxidation kinetics ZARSE A} E Hkg-o
MTBE ‘sl we} fAF 12} §ES-S UERfigler offE
2 28719 &l o Y% &A47F - OH radicaldll ok
Hk3-do] AAA methoxy groupe] ¥H3-©] methyl group2]
HESHT A YERE2 TBF 8 WRSARER] H
3 HMAUSS WmETE Zlo] vzttt webA, & A+
A3} Modified Photo-Fenton reaction> 1.71% Fenton
reaction®] FH| TR 7R 21E FE3K= 3lo] 7}
Sl HRlem, Al W Al A3 24 tig &
3} 3780] QA fot AAFe|al A 18RI %
2kl 2] 7o WX o™ - OH radical & HIE1A]
T3S 1HE W B system IEEE Q9H O
o] f7] LEES] Falloll A& 75 BoE dekEnt

o fo

m

f 1

o
rar

Balzani, V. and Carassiti, V., 1970, Photochemistry of Coordina-
tion Compounds. Academic Press, London, Chapter 10, 145-192.

Bergendahl, J.A. and Thies, T.P., 2004, Fenton oxidation of
MTBE with zero-valent iron, Water Res., 38, 327-334.

Burbano, A.A., Dionysios, D.D., Suidan, M.T., and Richardson,
T.L., 2005, Oxidation kinetics and effect of pH on the degrada-
tion of MTBE with Fenton reagent, Water Res., 39, 107-118.

Buxton, G.V., Greenstock, C.L., Helman, W.P., and Ross, A.B.,
1988, Critical review of rate constants for reactions of hydrated
electrons, hydrogen atoms and hydroxyl radicals (+ OH/-O") in
aqueous solution, J. Phys. Chem. Ref. Data, 17(2), 513-886.

Cassada, D.A., Zhang, Y., Snow, D.D., and Spalding, R.F., 2000,
Trace Analysis of Ethanol, MTBE, and Related Oxygenate
Compounds In Water Using Solid-Phase Microextraction and
Gas Chromatography/Mass Spectrometry, Analytical Chemis-
try, 72, 4654-4658.

Cater, S.R., Stefan, M.1., Bolton, J.R., and Safarzadeh-Amiri, A.,
2000, UV/H,0O, Treatment of Methyl fert-Butyl Ether in Con-
taminated Waters, Environ. Sci. Technol., 34, 659-662.

Jeong, J. and Yoon, J., 2004, Dual roles of CO* - for degrading
synthetic organic chemicals in the photo/ferrioxalate system,
Water Res., 38, 3531-3540.

Liang, S., Palencia, L.S., Yates, R., Davis, M.K., Bruno, J.M.,
and Wolfe, R.L., 1999, Oxidation of MTBE by ozone and per-
oxone processes, J. AWWA, 91(6), 104-114.

Lien, H.L. and Zhang, W., 2002, Novel Bifunctional Aluminum
for Oxidation of MTBE and TAME, 128(9), 791-798.
Pignatello, J.J., 1992, Dark and Photoassited Fe**-Catalized

Degradation of Chlorophenoxy Herbicides by Hydrogen Perox-
ide, Environ. Sci. Technol., 26, 944-951.

Qi, W,, Reiter, R.J., Tan, D.X., Manchester, L.C., Kim, S.J., and
Garcia, J.J., 1999, Inhibitory effects of melatonin on ferric
nitrilotriacetate-induced lipid peroxidation and oxidative DNA
damage in the rat kidney, Toxicology, 139(1-2), 81-91.

Safarzadeh-Amiri’ A., Bolton, J.R., and Cater, S.R., 1997, Ferri-
oxalate-mediated photodegradation of organic pollutants in con-
taminated water, Wat. Res., 31(4), 787-798.

Stefan, M.1., Mark, J., and Bolton, J.R., 2000, Degradation Path-
ways during the Treatment of Methyl tert-Butyl Ether by the
UV/H,0, Process, Environ. Sci. Technol., 34, 650-658.

Walling, C., 1975, Fenton’s Reagent Revisited, Accounts of
Chemical Research, 8, 125-131

Xu, X.R., Zhao, Z.Y., Li, X.Y., and Gu, J.D., 2004, Chemical
Oxidative degradation of methyl tert-butyl ether in aqueous
solution by Fenton’s reagent, Chemosphere, 55, 73-79.

Journal of KoSSGE Vol. 11, No. 6, pp. 69~75, 2006



